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ABSTRACT

| Mathematical relationships bétween subjéctive comfort and
environmental variables_in‘an.air transportation systém are
:fnvestigatgd. As a first sfep in model Euiidiqg, only the motion
variables are incorboratgd and sensitivities are obtained using
stepwise multiple fegression analysis., The data for these models
have been éollected from commercial passenger flights.

Two models are considerea. In the fifst, subjective comfort
is assumed to depend on rms values Qf the six-degrees-of;freedom
accelerations. Variations in the model for different squects
are also explored.

The second assﬁmgs a Rustenburg-type hpman reéponse function
in‘obtgining FrequenCy—weIthed'fms accelerations, which are used
in a ]inear model, Thg form-of the human response function is
examined and the re;ults yiéld a Human response weiéhting function
for different.degrees of freedom. |In addition, an improved

subjective comfort model is obtained.

vii



Section 1
INTRODUCTION

With the advent of sﬁortfhaﬁi‘aircraft over the last few years,
increasing atteﬁtion has been djrected at aircraft ride quality inasmuch -
as many of these vehicles_ij ét low altitudes and encounter turbutlence
over a significant pdrfibn'of their flighfs. The ohjéctive of this
sfudy is to develop a subjeqtivé comfort modél which will predict human
reaction to the Six-degrees-of-freedom of aircraft motion, viz., three
tinear accelerations (vertica{, transverse, and longitudinal) and three
angular accelerat fons (pitéh, roll, and yaw). The data utilized in
obtaining the medels contained herein are from the first phase of a
continuing study. As future data is pbtajnedrrefinements wi}l be
reported. |

1.1 Bacquound to the Problem .

Most of the work in fide quality has been done'sfnce the 1930's~-
primarfiyrin,thé field of automobile and railway ride_comfort--and‘has
been operatof—performance q}iented,_rather than passenger-comfort oriented,
The work that has been done fn developing comfort criteria is summarized
by Jacobson (1). Some of the vertical acceleration criteria are shown
in Figure 1.1 and similar results for transverse acceleration ére shown
in Figure 1.2,

The major portion of the experiments‘ddne to date have.used ground-
based simulators é]though Incfeasing attention has been directed at actual
field_festing (é.g., J;cobson (3)_or Koo'(h)j iq_;he.last decade.lSimu!ators
have certain advantages; dne of the most importént,is the ability to coltect
considerable data using é nuﬁber'of test éubjects with minfmal cost. Further,
there is the advantage of widér control Qvér the acceleration input (all the

i
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six—degrees—of-ffeed;ﬁi th;H'is essential torcbtéin a good mathematical
model. On the other_hénd,.grduﬁd-based simulator tests lack the ability
to simulaté'psyého]ogic$f¥Factors {e.g. anxiety and motivation) among
test subjecfs. This is especially undesirable fof aircraft comfort
tests, since the anxiety factor of being airborne canﬁot be simulated on
the ground.

Further, most previous-wqu has involved human response to vertical
acceleration only. Some fecéﬁt research has been directed at bther axes
of acceleration sﬁch as transverse and longitudinal (e.g. 1S0 (2) and
Koo (4}), but surprisfngly little has been‘dbne on angular accelerations
(e.g. Collins (5) and Clark and'Steﬁért (6)).

In additfon,'mq?t of the simulator testslhave been conducted with
-sinusoidal‘oscillatiéns at different discrete frequencies. Test subjects
ére generally exposed to incregsing acceleration at each frequency and
‘they rate the acceleration based on a comfort scale., The exposure 1imits
given by the criteria are probably applicable only for pure sinusoidal
acceleration in the correSqudfng degree of ffeedom. The results may not
be applicable, if theré is more than one‘frequency_of acceleration occur-
ring simultaneously (some e%forts have been made in this direction--
Bruméghiﬁ {7) and Q'Maésey; et al, (8)), or ff there are multipie degrees
of freedom present tan areakwherg hardly_any work has been done at ail).

"Though most of the e*périments were.conducted undgf different physical
environments te.g. sjtting, standing, etc.), the resuité indicate that
humars are most sensitive to the frequency range of 4 - 8 Hz in the vertical

mode, probably due to internal organ resonance. Except on this point,



there is wide d}sagreemeht_éﬁ‘thé maénitudes of acceleration for a given
semantic level (é.g. beréebfiblé; uncomfortable, etc.). The intolerable
level of one inves£igatof is not even mildly annoying for apother (M.
Such discrépancies are'found-widely, and ekperimental and semantic
dffferences do not always.expléin the spread in results,

Table-1.1 fndicates the'séufces of vibration witﬁ dominant
freqdencies, flight phaéés, and duration; for‘typicai aircraft, Of the
"various flight phases, cruise is the longest énd the main sources of

vibration are the engine (propeller or jet), turbulence, and buffeting.

1.2 Statement of the Problem

Vibration has been'foﬁnd to be an important variable affecting
passenger comfort (3). Figure 1.3 shows the frequency rénges.of
mechanical vibration effects on man. It is seen'tﬁat most of the effect
on humans is céused‘by infrasonic frequency vibrations (Q to 25 Hz),
hence this study is restricted to this range, |

Data was collected Qn-regular commercial flights, with test subjects
riding as passengers, creating both the proper physical and psychological
environment as well as-providing representative accelerations encountered
in reguiar f]jghts. |

Sevéral models are evalﬁated:

a. A comfort model depending on_thé root mean square (rms) wvalues
of the six measured accelerations is -developed,. Interjaircraft and
inter-subject differences are explored.

b. A comfort model depending Qn}frequency—weighted rms acceléra-

tions using a Rustenburg-type human response function is developed.



TABLE 1.1

A!RCRAFT MISSI1ON DESCRIPTION AND'PROHINENT VIBRATIDN:SOURCES
(Taken from 0'Massey (8))

Flight Phase

Approximate
Time Duration

Prominent
Vibration $ources.

Frequency

- Range

Warm up

Taxi

Run up
Takeoff
Climb

Cruise
Descent
Landing gear

and flaps down

Landing

1 to 15 ‘min.

5 to 10 min,

2 to 15 min.-

'lrto -3 min,

3 to 30 min.

15 min.';o.a hrs,

5 to 15 min.
1 to 10 min.

5 sec. to 2 min,

Engine

Runway Roughness
and Engine

Engine

wls
Runway, Turbulence

Engine

Buffet

Engine -
Turbulence

Engine "
Turbulence
Buffet

L

Turbulence

Flap buffet and
Turbulence™

Landing impact
Runway Roughness

40 and above

0.5 to 5
40 and above

40 and above

0 to 10
40 and above
1 to 20

40 and above
0 te IO

40 and above
0 to 10
i to 20

0tol0

0 to 10

Pd}se in nature
0.5 to §

“Here turbulence refers to both atmospheric and beundary layer turbulence.



) FREQUENCY - Hz
1 1 |o' 10 19* 10t 0®

0.

+ A ] . 1 . 1 1 - L
Infrasonic :Audio-frequency ' Wltra-
vibrations range 1 SOnics

> '

] : ] :

] )
¥ : L} E
1

HUMAN RESPONSE 1 v,
1 .l 1 1
[ ] 1

, : ' I Vo

fange of vibratory sensation “ . > -
pisequilibrium (high intensities) - - ot = < = :
] ’
Motion sickness ~ _ - — - ' ' :
Hajor body resonances ) m—— !
1 1
Blurring of vision | —— '
Disturbance of speech — :

L3 1 ] [ ]
lntcrference with manual tasks = —— = !
piscomfort/pain {high levels). ~ o brscianary ! '

L . . )
Genera) stress/"fatique' effects e ’ - E
Damage risk to spine# ' | — H
. L]
Gastro-intestinal disorders* | = — . E
Vibration syndrome (hands)* -l ———— H
' ] ] ] L}
«SCOPE OF
' 150 - !
LINITS <

* Cumulative occupational hazard

,mm——— uncertain ranges

FiGURE 1.3 APPROXIMATE FREQUENCY RANGES OF PRINCIPAL
EFFECTS OF MECHANICAL VIBRATION ON MAN

(Taken from. Broderson and.Von Gierke (9))



¢. A comfort mpdel.dépending on frequenby~weighted rms accelerations
is determined. This model,yié]ds_human sensitivity as a function of

- frequency for each degreé,bf.freedom.



Section 11|
DATA ACQUISITION AND REDUCTION

2.1 Introduction

A theoretical approach to the prediction of subjé;five comfort
“level, givenlsix—degreés—of-freedom of mption,'haé been ruled ouf
because of the lack of uhderstaﬁding of fhé complex interaction.of
biodynamic, physiological, and ﬁsychoiogical chafacteristiﬁs of huﬁans.
The only recourse is to employ empirical techniques which require a
large amount of:data col}ection.
Past ride quality‘stqdies have used é'variety of comfért scales
(1), most having 3 to 7 levels of comfort. Siﬁce people prefer not
t§ use end ponnts, the 3- Ievel scale is lnadequate. For the present

work, a 5-level comfort scale has been adopted:

1. Very comfortable
2. hComfortablé

3, Neutral

L, Uncomfortable

5. 'Very'unCOmfortab]e

No performance measures have been associated with these levels since
test subjects might be misled in-evaluating performance measures rather

“than comfort,

2.2 On-Board Data Recording

The measuring and record:ng system, destgned and fabr:cated by

NASA Langley Research Center (shown in Figure 2.1), consists of battery

9
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70perated.s§nsors and recording equipmeht weighs a total of-30 pounds,
Linear accelerations to i_l/ﬁ g in each of three mutually-perpendicular
directions (vertical, iongifudinal, and transverse), anqular accelerations
to + 2 rad/sec2 about threelmutuaily-perpendigular axes (pftch, roll,
and yaw); subjective reSpohﬁe, and reference frequency signal are all
recorded on a two—channelrlyﬁ” ﬁégnetic.tape recorder (AM)--one channel
"of FM multiplexed data, the other voice. A functional block diagram
of the measuringgand recording system is shown in Figure 2.2. The
voltage~-controlled oscillator (VEO) for each of the recorded variabies
corresponds to standard'inter—rangg instrumentation group (IR}G)
frequencies (10), (11), and (12). The reference freqﬁency sfgnal is
used during data reduction to compensate for tape speed variations.

The accelerometers_are pfaced on the fibor of the vehicle, éf the
foot of the subject’s seat;l-The subject indicates his comfort level by
depressing the appropriate comfort box button, corresanding to one of
the semantic levels described above, when evaluating the ride over a

period of approximately 30 seconds, in 2-minute intervals during flight.

2.3 Data Recovery

A" functional block diagram of the data recovery system is shown
in Figure 2.3. The multiplgxéq data processed through discriminators
has an output which is directly proportional to the input signal
frequencyrand hence to the amplitude of acceleration,

During playback, the reference frequency is used by a compensation
module which detects deviations due to tape speed chahgés and applies an

inverse percentage compensation, considerably reducing errors.  Each

11
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éhanne!‘of data is recorded on an eight-ghannel wide-band FM tape with
carriér frequéncy (6.75 KHz) along with a continuous time code, This

time code becoﬁes the primary reference in the data ana}ysis. An
oscillograph record of all héasufements complete with the time code,
subjective responses, and acceleration signals is obtained simultaneously.
" A typical output, Ieés_thg time code, is shown in Figure 2.4, The '
recoveréd déta is processed througﬁ a digitizer, sampled every 0.02

second {each channel), and written on a standard digital tape.

2.4 Data Reduction

ft is nearly impossible to use acceleration time'Histories alone
to arrive at é subjective response model. The data must be reduced fo
mean ingful variables‘which are amenable to ﬁode?ling.' A Time Series
Analysis brog;am (TSA) is utilized at thg LRC'cdmputef faciiity for
providing various statisticaf quantities (13). .These include the
jmeans; standard deviations, autocoQariances, crosscovar iances, and
.power spectral density functions for each of the six-degrees-of-
freédom. These quantities, along with a ten-digit code consisting of
the date of flight, type of a?rcraft, flight number, and a sequence
number uniquely identifying a given flight segment, are stored on

magnetic tape to be used in the data analysis.

14
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Section |11

“ANALYS S OF DATA

3.1 Assumptions in Developing the Model

Most of the vibrétion ékperienced by thg test sﬁbject is through
the seat, -thus therg is*a'aiscrepancy with the vibration measured by -
‘the equipment at the foot.of the test subject, For the préSEnt s tudy,
it is assumed that tHe_sgat‘transfer function is the same for all the

aircraft under consideration in the frequency range of interest, .

3.2 Data Collection

All the data used.in thfs study were . taken on commercial airline
flights between January and April of 1972. This involved approximétély
100 flight segmenté £ lown oﬁ-board three different‘aircraft--F-227,_
YS-IT, B~737-=~under a variety'of furbulence'conditions and évef-
dissimilar terrain. (F6r aircraft details Seé Appehdi# AL) Thé
number of flight segments per day varied from 2 to 8, from approximately
60 miles to 256 miles in ]ength! and ffom épproximately 15 minutes to an
hour in duration; One or fwo tegt éﬁbjectg flew on—Bdard each'flight
segment and a total of nine test-subjects pa;ticipated in the program,

(See Appendix A for details.)

3.3 Modelling

Regression analysis is used to develop subjective comfort models
(a detailed description of the statistical quaﬁtities used, as well as
the regression analysis can be found in reference 14) where subjective

comfort is the dependent variable and accelerations in the six-degrees-

16



of-freedom are the independent variables. The regression program
‘used is part of the UVA systém-llbrary (SPSS, Statistical Package

for the Social Sciences) (16).

The first model developed uses autocovariance and crosscovariance

and has the form:

) 6 6 6 )

C=bgt [ by (3D + ~Z bjk 35 (3.1)
i=1 j=1 k=j+1
" where
C - predicted value of the subjective comfort
bj’bjk - constants-. predicted by the‘regression analysis
5J = VRX (0)- ‘rms value of the acceleration - (3.2)
J ,
5jk = JRX x (0)= zero 1ag crosscovariance of variables Xj andlxk;(3.3)
E J ok :

Hence, from Equations (2.5) and {2.7):

. ‘
5j2 = %— f sz () dt, (3.4)

4]

and -
_ | T ' .
ajk == f X () X, () dt. ' (3.5)

o
With appropriate modification nonlinear terms such as square roots can
also be incorporated ip_the above modelf

The second type of model uSesla Rustenburg-type (17) human‘reSponse
function to combute frequéncy-weightéd rms accelerations. It is'necéssary
to obtain a human equal sensation curve; this is not easy, however,.

because existing data have large scatter as is seen in Figures 1.1 and

17



and 1.2, Since.most of the available data is for subjects exposed to
vertical vibration, a human1édual sensation curve has been adopted bésed
- on that data and is shown. {n Figure 3.1. (Taken from Jacobson (j).)
The human frequency response function, W(f), is obtained by inverting
the equal sensation curve as_fs éhown-in Figﬁre 3.2. W(f) indicates the
relative weight at frequency f thaf éubjectg use in evaluating comfort,
‘and is normalized over thg'entire range of'frequencies of interest,

An assumption made in this model is that the response Function_.
W({f) is valid in all sfx-éegrees-of—freedom; This assumption is
inherently weaﬁ as can be seen in_Figures 1.1 and 1.2, but‘is used in
the hope that it'wilf indicate trends.

The frequency-weighted rms acceleration (of Xj) is given by:

_ F o ‘

- - .

ay. = f W2{§) ¢k.' (f} df 7 , (3.6)
J o i R .

where
F - the upper limit of fréqqency.
To normalize W(f), ¢X;(f) is set equal to | in Equation (3.6) and
the weighﬁed-and unwefghteﬁ (W(f) = 1) cases are compared, yielding:
Foo | _

[ w26 af = F, & (3.7)

o]

W(f) is gotten by interpolation as: ‘
| v
k .
WF) = W(F,) (-E-—) - (3.8)
» k . .
i

for f < f_i fk+1

where Y is the slope between the break points of the W(f) curve.

18
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Table 3.1 tabulates tHe values of ¢k used for the model ;

O
C=b + 3 b, (3, ) (3.9)
: W,
R
TABLE 3.1

SLOPES OF THE HUMAN RESPONSE FUNCTION, W (f)

Range of Frequencies (Hz) 7 | Slope wk
0 to 1.5 | 0
1.5 to U : i
L to -8 0
8 to 30 ' : : -1

The final model consfdered for analysis is frequency dependent,

and has the form:

. 6 K : _ .
C=b+ ] ¥ b'., (3a;.) (3.10)
RO ST R L '
where ~
C - opredicted value of comfort
bé, bjk - coefficients predicted by the regression analysis,

and where the rms value is given by {15):

-, et |
3% ) { ¢X._(f) df. , S (3an
Here
¢y (f} - p.s.d.f. of the variable X;
]

t - frequency
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froo frr) - lower and. upper limit of the frequency band,

over which the rms ;j K is evaluated
K - number of frequency bands used,

Suitable frequency bands afe chosen in qrder to develop this model,
yielding a frequency—dependeﬁt model and a human response function for
‘each_degree of-freedom.

These three models serve as the preliminary criteria of_ride

quality,
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l-. Section 1V

* RESULTS AND DISCUSS ION

L.1 The Linear Model

Models aré restricted to a few-;oefficients--about 100 data segments
being needed for each. By.this criterion, the largest model can have 14
coefficients at most (approxfmately 1400 data segments are‘available).
As a first step, only the rms values derived from the autocovariaﬁces
are used in a liﬁear model, resulting in a comfort response, C, which

is refated to the six‘acceiefations by ¥

+ 0.}45P. (h.1)

C=1.82 + th.3a, + 9.163aR‘+ !.QaL + 2.3a; + 0.2a,

Vertical is found to be fhe‘dominant and best defined variable
for the following reasons:

a. Vertiﬁal aéce]eration accounts for the largest ayerage.contri-
bution to the comfbrt value compared to the other degrees of.fréedom.

The average contribution of each acceleration component, Kj, is

computed as follows:

= - :
Ca. hj a, : : (4.2)
J ] ‘
where
Eg is the mean contribution to C by a,
u;  Ts the mean value of 5j'.
J

The average values of 65 are:
, _ j

*In this and ensuing models, all 1inear acceleEations have units of rms
g's and all angular accelerations rms rad/sec®,
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Vertical 0.92

‘Longitudinal 0.073
Transvérsé - 0.048
Roll © 0.051
Pitch © 0.022
Yo 0.0

The comfort sta]e‘ié d}vidgd inﬁo fiverstep function values {i.e.,
integer valdes of | t0155'implying that any aegree of freedom which
on an average contributes less than 0.5 stands less than 50% chance
of altering-the.step response ''C'" by itsa]fi* Hence all such variables .
are relatively ihsignificantVindividuatly (in.comparison with those
that contribute more than 0.5 on an average). In this sense only
vertical seems to be signifiéqnt. o

b, As can be seen from Table 4,1, the correlation of vertical
acceleratfon with fhe comfoft rating_(O.?ZS)lIs the largest.

c. Further it is‘segn:that the coefficient of variability (which
is defined as the ratio of the standard error to that of the ex#ected
value or mean) oFltHe predicted coefficient of vertical is low. The

variability coefficients are listed below:

Vertical .0.0h
Roll 0.51
Longitudinal 1.72
Transverse‘ 0.588

*Here the assumption is made that human response varies continuously
between discrete levels of C and that the crossover occurs at the
midpoint. ' : ‘
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TABLE 4.1

CORRELATION MATRIX {SYMMETRIC)

YVert.

Comfort Pitch Roll Yaw 'Trans.r . Long. Vert. Trans.-\Vert.

Comfort 1.0 0.107  0.209 | oﬁ273 0.58 0,271 0,723 0724 0. 5l
Pitch Lo 5.836 0.366 0.2 ._ 0.i23 0.031 0.018 0.12

Roll 1.0 0.442 0351  0.181 . 0.164 - 0.15 10,207
Yaw 1.0 0.472 0.?97_ 0.342 0.315 0.354
Transverse 1.0 0.351 0.751 .6.726 0.699
Longitudinal 1.0 0.437 0. 45k 0.369
Vertical 1.0 0.982 0.763
Wertical 1.0 0.729
Trans.-Vert, 1.0



Yaw o 9,59
" pitch ' 0.96

The ]owér ﬁhe coefficieﬁt of'variabilit?, the'gréater the confidence
in the coefffcient. Hence; the greateéf confidence can be;piaced on
the coefffcieht of Qertical. |

d. The model, ?quatfon (4.1), can be expressed in a normalized

form as follows:

(- - 2 ! 5 f Tl ey | A !
c!' = O.TlaU +.0'073R + O.OZéL + O.OSET + O.OZEY + 0.0353P
(1.3)
where
i - (f - F
C (g. C)/a,
C - mean of C
a' - rms values based on autocorrelatiop with
zero mean and unity standard deviation over
| the set of n data cases
‘UC - standard deviation of C.

Here each of tﬁe independent variables have zero mean and unity
standard deviation. if it ié éssumed'thét all of the normalized
varjables have.a similar prébability density distribution, then the
probabilities of each variable taking a given value are almost equal,
Since the coeffﬁcfent forlﬁv' Is the largest, the average contributibn
from 5V' to €', and In turn to-E,-Is the largest, agafn'indicating that
vertical is the most domimant. |

e. Finally, thé r2 value (éee reference 15 for definition) indicates
that most ofrthe improvement was achieved with vertical ‘alone in the modél

(r2 = 0.52) veréds addition of all other tefms (r2~= 0.54).
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4.2 The Nonlinear Model

Since vérticafiis the dominant variable in determining subjective
comfort, it is giveﬁ an additional degree of freedom. C = 5 represents
the highest comforﬁ:level fnaebendent of-the acceleration, Thus a quel
which 1inear1y iﬁcreases_for'small accelerations and flattens out at

high accelerations would be preferable, Incorporation of the additional

term 3

v’ modifies the linear model to behave in the desired fashion,

yielding:

+ 2.695T + O.IGEP

C=1.33+5.29 5 + 0.158ap + 1.0a + k.03,

. ) (4.4)
+ 0.09aY.

~

The mean contributions to C in this case are:

Wertical 1.27
Vertical . 0,26
Transverse : 0.056
Longitudinal 6.073
Roll . 0.05

: Pitch _ 0.025
Yaw | 0.005

Once again vertical is the dominant variable, Comparing the
above with the mean contributions of each variable in Equation (4. 1),
v s the term contributing

most, This 'is encouraging, since Jav rises slower than a

it can be observed that /av has replaced a

v and hence

the model behaves better for large values of vertical acceleration.
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4.3 Model Using Vertical aﬁd Trangverse Dépendent Variébles

From Table 4,1, it is seen that transverse has the gecond highest
correlation with fhé.comfort index, HoweQer, it is not the.éecqnd
largest Contributor_to.6.  This ‘s dUe_td the strong correfation‘bétween
vertical and transverse (0.75), which is also confirmed by Figure 4.1
showing the interdependenﬁg of vertical and transverse. The contrfﬁution
of transverse to € occurs in two ways:. partially through the fransverse
term which is independent of vertical and partially by vertical to which
transverse is highly correlated. |

From Téble L1 it.is seen that only transverse, vertical, and rms
crosscovariance between transverse and yeftical (written for simp]icity

as trans-vertical) have a correlation with subjective comfort of more

than 0.5. Using these three variables, the. mode] ;
C =2.0 +AT3'86V - 3,253,  + 4.5a; o (%.5)

is obtained. Here note that the coefficient for EQT

implies that the presehce of each degree-of«~freedom masks the other to

is negative. This

some extent, A similar effect is seen by Brumaghim {(7), in his study
of dual frequencies,.

Depending on the application, one ofﬁEquations (&.1), (h.h), or
(4.5) can be'used'for.a criterion. Equafioh {4.5) is the simplest,
whereas tquation (4.4%) is the most accurate-and complex model of the

three. In most cases, Equation (4.5} should be adequate.

4.4 Rustenburg-Type Model

The second model is the Rustenburg~type (17) using frequency-

weighted rms acceleration as shown in Equation (3.9) that vields:
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[ Y
i}

1.31 + 6.54 Jéa; + o.heéwR + 0.5, + 5.63a, +0.2a,

L v Y
' (4.6)

+ 0,71a  + 0.48a .
WP ' wT

The mean contributions to C of each variable is:

SEFTTEET 1,26
_Véftical £ 0.23
‘u Transverse ' -ﬁ.0065
Longitudinal 0,005
Pitch 0,036
Roll ' 0.072
Yaw | 0.008

- .Equations (4. 4) and (4.6} compare favorably except for the
coefficient of transverse acﬁélération, which has decreaséd considerably,
This is élsb confirmed by éomparing the mean contributiohs of the th
models; One of the'reasons-for the discrepancy between the two models
ié that the response funétion (or the wgﬁghting function), W(f}, is
not a good description for transverse (this will be confirmed below).

Table 4.2 shows the difference in correlation coefficients, p,
between sUbjective'comfor; and the frequency unweighted and weighted
accelerations, -As can be seen, the corretation between C and frequency-
weighted rms.accelgrations is greater than the correlation with the
unweighted rms éccelerations in all the degrees of freedom, indicating
a definite frquencY dependence of the Comforf model. The same conclusion

is reached by comparing the standard errors (0.568 for weighted and 0.573
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- TABLE 4.2

COMPARISON OF CORRELATIONS, p, BETWEEN THE FREQUENCY UNWEIGHTED AND

WEIGHTED VARITABLES AND COMFORT INDEX

Weighted

Unweighted Do

‘ Pc3 Caw
Independent Variable (Xj) 7‘ J _ ]
Pitch ‘_ 0.107 0.436
Ro1T - 0.209 - 0.333
Yaw ” o _ 0.273' . 0;355
Transversé ‘ : 0.58 ' 0.593
Longitudihai_ : | ' B 0.2?1. ' 0.356
Qertica1j ' | | 0.723 : - 0.728
NerETEsT . | 0. 72k 0.728
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unweighted) and theé percentages of points with error gfeater than 0.5

(39.6% for the weighted against 40.5% for the unweighfed‘case).'

L5 Frequency—Dépendent Mode 1

in order to obtain a better Eepresentation of human sensitivities
than that given by Figure:3;2, a general fréquency~depenaentrmodel
(Equation (3.10)) is used.
Only the p.s.d.f. in the range 0 to 8 Hz is used since in almost
all instanées, mosf of the energy 'is concentrated in this range. A
three-band freﬁuency spltit, 0 to 1.5 Hz, 1.5 to 4,0 Hz, and 4,0 to 8.0
Hz, is chosen, | |
1'f all degrees pf freedom,'eéch wifh three frequehty splits, are
incorporated simultanedUs1y} the number of unkndwns, 22, exceeds that
~which can bé determined %or the amount of existing data. Thus human
sensitivities in ea;h-degkee of freedom are considered individually,

Vertical vyields;:

=. Y On = + 1= ) :
_C 2.07 + B'OBV,I * 9'QaV,2 20.1§U’3 (L.7)
where
5& | T rms acceleration for 00 to 1.5 Hz
: Eg , T Tms acceleration for 1.5 to 4 Hz
Eg 3 - rms acceleration for 4 to 8- Hz.
. The coefficients of a and a imply that subjects are most

2,3 v,

sensitive to frequencies in.the & to 8 Hz range and ieast -sensitive to
frequencies -in the 0 to 1.5 Hz range, This confirms the form of W(f)

shown in Figure 3.2, and also agrees in relative magni tudes;
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For transverse:

+ 47aT’2 + 4.?aT’ (4.8)

C =24+ lSaT,]

3

As' is seen, (1.5 = 4 Hz) is the most heavily weighted whereas

5T,2 7
5T,3 is the least weighted. This is in keeping with the data in
Figure i.z, and indicatés_that the response fﬁnctiOn} w(f); shown 1n
Figqure 3,2 does not hold for transverse acceleration,

Other degrees of freedom are not evaluated due to lack of spread
in the data, i.e. the mean accelerations in otherldegrees of freedom

are nearly constant and hence their relationship with comfort cannot

be establtished with any confidence.

L,6 Inter-Aircraft.and Inter-Subject Differences in the Model

The data Was aédufred oh.board three aircraft--F-227, YS-]],_and
B—737——usfng 9 test‘subjeCts. Here inter-aircraft and inter-subject
~differences in the_quel“are evaluated, The'simplest_model, dsing
rms values based on.vertical, transverseland crosscovariance between
vertical and‘transverse, i§ used for the anaiysié.

Figure 4,2 shows iﬁter—airdraft differences, where numbers in
parentheses are the standard errors in the predicted céefficients. A§
is seen, the coefficienfs of vertical for all aircraft agree closely
with the overall model. The cogfficient_of transverse for the overall
mode] agrees well wit@ that of the YS$-11, reasonably with that of the
B8-737, .and poorly with-that of thg F-227. Note the fact that the
standard error in prediction.for the tfansverse'coefficient in the

case of the F-227 is high. The same behavior is observed for the
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OVERALL:

€ = 2.0+ 13.8(0-838)5 | 3550s1- 8007 oy g (12905

€ = 2.95

AIRCRAFT F-227:

¢ = 2.395 + 11,1803 193 (800 gy (74605

v 727 VT

€ = 3.25

AIRCRAFT Y511

10.68)5V - 3.75(#2.08)

2.01 +'|3_83( o h;hs(il'Bg)E

L]
i

T

[0}
#

2,975

AIRCRAFT B-Y37:

(2,05 h.oh(iﬁ-gj)gv (4.0):

¥ 10.15 T

C=1.9+ 14.29

= 2.77

“Numbers in pareﬁthesis indicate the standard error in predicted coefficient.

FIGURE 4,2 INTER-AIRCRAFT DIFFERENCES IN THE MODEL
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coefficient-of trans~vertical. This discreﬁanCy is probably due to-the
sparsity of daté-takénfon;board the F-227, - Further we see that for the
fifght-test'conﬂuctéd-thé‘F-227 appeafs to be. the most'uncomfoftable
(€ = 3.25) éﬁd the B~737 (E = 2.77) the most comfortable among the
three aircraft, o ' |

Similariy F}gure.h;3-shows inter-subject differences for 3 subjacfs.
The coefficients of vertical are simi]ér with the exceptioﬁ of subject C.
A large standard erfor resulted in the elimination of the coefficient
of transverse for subject C. The overall modei's coefficient of
transverse compares favorably with that df‘subject B and reasonably
with that of subject A, ,The.chfficient of 5VT seems to be well behaved,
The disPersion exhibited by the model for subjéct C is due to a sparsity
of data for this subject_ ]

Some deviations are observed for the coefficients of a, and a

T vT?
however they do not contribute significantly to the comfort model as
confirmed in Figures 4.4 and 4.5.

It can be concluded that inter-aircraft and inter-subject

differences are small and hence the overall model can be used to

represent all aircraft and subjects.
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OVERALL:

E = 2.0+ 13.8(.":0-635)5" - 3.25(t]-89)5v_r + 4.52(1129)51‘

C =295

SUBJECT A:

>

C=1.99 + 13.93&2""5)5V -'2.34(#7“5)5VT + ||.za(*5'57)5T

£=2.98

SUBJECT B:

oy
]
"

09 + 12.6%0-8D5 5 0982307 4y oglel-E)G

€t =2.97

{x6.8b);

_ (£1.78)-
C=2.02+ 16367 """"a, - 591 VT

C =2.93

“Numbers in parenthesis indicate the standard error in predicted coefficient.

FIGURE 4,3 INTER-SUBJECT D{FFERENCES IN THE MODEL
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Section V
- CONCLUS 10N

5.1 Some Remarks

Three types'of hédéis have -been devéloped: models using rms
accelerations; a Rus;enbﬁfg—type frequeQCy-weighted rms éccelerafioﬁ
model; and a general frequgncy-dependent modeli

1t was concluded tHat human sensitivities obtained for vertical
acceleration, uniikeltransverse, follo& the general form of the
response function shown in Figure 3i2. Further, it was observed that
the Rustenburg-type model waé superior to the'rmg acceleration'model;
:however the human.reﬁpcnse functioﬁ is not.known for all directions,
hence this type of modél cannot be used to its full potential,

As a critériqn,.the simples;.modei developed, i.e., Equation (4.5},
is suggested:l _ | _ ‘ )
| _t = 2.0 + 13.8a, - 3.25a,, + #.525T (%.5)
where.inter-aircraftland inter-subject differences are minor. It is
cautioned that this is a preliminary model which will be reFined as
future data beebmes available,

5.2 Applications

Among the many applications for Equafion (4.5) is the evaluation
of existing aircraft ride quality.under.various flying-configurations.
Those found‘oEje;ticnapie can be modified to conform to the passenger
comfort criterion, The ride criterion can also be used in désigning,
alrcraft and fligﬁt control systems.

Once a_ﬁodel has been seieﬁted, a suitébie value of C can be chosen

as thé comfort boundary--one between 3 and 4 would be & good choice (18).,

39



Taking a value of 3,5, which yields 68% passenger satisfaction {18),

Equation (h.s)lyields:
13.35V - 3.255VT + u.szaT = 1.5, (5.1)

The crosscovariance QVT‘iS related to the rms accelerations in vertical
and transverse by;

=2

= - = '
3t T vt v B (5.2)
where # is the correlation coefficient for transverse with vertical,

vT

il

The value of p is obtained from Table 4, ) 0.751) yielding for

T (oyy

Equation {(5.1}:

1§
i
——
n
(¥
™

'13.8av - 2.816 JEJ'JS;'+ u.szaT

Equation-(5.3j_a1ong with isocomfort curves for C = Jand C = 4
are plotted in Figure 5.1,

Figure 5.2 shows the superposition of the comfort criterion
(E-= 3.5) on the actUa§ data and indicates that more than 50% of the
data lie within the acceptable range, 1t is also felt that the model
may not be valid for lafge transvéfse accelerations simultaneous with
small vertical accelerations, since negligible data was obtéiﬁéd'in

that range, thus the model represents an extrapolation in this region,
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RMS TRANSVERSE ACCELERATION IN g's (aT)

05— ———————— —]

E=4 51% SATISFIED
C:35 68% SATISFIED
o4l o ~ C=3 80% SATISFIED

3.5

f i

1 |
o o} 0.2 03
- RMS VERTICAL ACCELERATION IN g's (av)—

- FIGURE 5.1 lSO-COMFDRT CUBVE FOR TIjE MODEL -
S C =20+ 13;8av - 3.25aVT + 4.52a.|.'
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APPENDIX A

SOME REMARKS ON THE AIRCRAFT AND SUBJECTS USED

FOR DATA COLLECTION

This appendix ljsts'SpeciaI characteristics and cond?tiOns under
which the data were collected.

Data were éo]iected on three aircraft;:FH-227B-200, ¥S-11A, and
8-737-201 (abbreviated in the text as F-227, YS-11, and B-737,
respectively). TQbLe.A;I'indicates their charaﬁteristics and pertinent
cond}tions under Which the data were obtained. As can be éeen, most of
the data have been collected on board the YS-11.

Table A.2 showslthe SUbjecf'breakdown of the nine male test

subjects used. Most of the data were cbl]ected using subjects A, B,

and C.
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TABLE A.1

'DifFERENCES IN THE AIRCRAFT USED FOR DATA COLLECTION |

s
Aircraft

Leng£h (ft)

Wing span {ft)

Capacity

(No. of passengers) .

~ Max. wing .loading
(1bs/sq. ft.)

Engine '

Normal terrain
of flight

Average duration
of flight {min.})

Altitude
(1000 ft.)

-Stage length
of flight (milgs) :

Cruise T.A.S.
(M.P.H.)

Noise (dby

. (Cy weighted)
F. 3

Temperature

(°F)

Seat comfort

No. of flight
segments

FH-227B-200
95

60.3

2 turbo-prop

. Fiat
7.

: : 5 ;_IJ

' ;]72'-‘zuo

280

90 - 98

70 - 82
" Least leg
' room

10

o

60
'52.8

2 turbo-prop

- Mountainous
and Flat

- 60

2= 10

 “5‘f.260.

280
' BOJ- 100
65 - 80
Avérage Ieg

~_room

.

- 320

B-737-201
100

93
50

15,2

2 turbo-fan

" Flat

20 - 52.

6 - 26
85 - 380

550

B |

75 - 105

‘Most leg
room:
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- TABLE A.2
DIFFERENCES IN THE SUBJECTS USED' FOR DATA COLLECTION

Approximate : Number of

. Age . , ' _ Flight
~Subject . !Years!- Occupation : Segments
: : Uni@érsity
A ~ 30 teaching/engineer 17
B ' 25 ~ Research Engineer 82
c . 25 Research Engineer 24
D | 24 | Research Engineer 13
University : .
E - Lo - . teaching/engineer 6
: Uhive?sity ‘
F o Lo : teaching/engineer L
‘ ‘ - University :
G : - 30 teaching/mathematician 2
. ‘ ) University
H 52 teaching/engineer 2
University

| 30 . teaching/engineer o
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10
11 - 12
13
14
1
16
17
i8

19 - 23

2l - 25

26 - 28

Lo32
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